The charge transfer properties of interfaces are central to the function of photovoltaic and photoelectrochemical cells and photocatalysts. Here we employ surface photovoltage spectroscopy (SPS) to study photochemical charge transfer at a p-silicon/n-BiVO 4 particle interface. Particle films of BiVO 4 on an aluminum-doped p-silicon wafer were obtained by drop-coating particle suspensions followed by thermal annealing at 353 K. Photochemical charge separation of the films was probed as a function of layer thickness and illumination intensity, and in the presence of methanol as a sacrificial electron donor. Electron injection from the BiVO 4 into the psilicon is clearly observed to occur and to result in a maximum photovoltage of 150 mV for a 1650 nm thick film under 0.3 mW cm −2 illumination at 3.5 eV. This establishes the BiVO 4 −p-Si interface as a tandem-like junction. Charge separation in the BiVO 4 film is limited by light absorption and by slow electron transport to the Si interface, based on time-dependent SPS measurements. These problems need to be overcome in functional tandem devices for photoelectrochemical water oxidation.
■ INTRODUCTION
Tandem junctions between two semiconductors are of interest for the conversion of solar into electrical and chemical energy. 1−5 Connecting two light absorbers in series increases the open circuit voltage of the photovoltaic cell and its performance, especially when the semiconductors absorb light in different ranges of the solar spectrum. This is important for water splitting cells, which require open circuit voltages in excess of 1.23 V. 6−10 Most of the tandem junctions studied to date consist of well-defined interfaces fabricated by vapor deposition techniques. 11−13 For example, Shaner et al. reported a n-p(+)-Si/n-WO 3 microwire junction obtained by successive vacuum deposition of BCl 3 to achieve Si p-doping, DC sputter coating of an ITO ohmic contact, and electrodeposition of n-WO 3 , followed by annealing at 400°C for 2 h. The device supported overall water splitting with 0.0019% solar to hydrogen (STH) efficiency. 12 Recently, there is also increasing interest in tandem junctions formed between suspended semiconductor particles. Such tandem or "z-scheme photocatalysts" usually employ soluble redox couples for charge transfer. 4,14−17 This is necessary because the rough surfaces of the particles preclude controlled charge transfer between the subsystems. In rare cases the redox couple can be eliminated. 18 For example, mixing of Rh:SrTiO 3 and BiVO 4 particle suspensions at pH 3.5 produces a junction that supports overall water splitting with quantum yields of up to 4.2% at 420 nm and STH efficiency of 0.1%. 18, 19 However, the details of the electrical contact and the effects of water and electrolytes on its function are not well understood. In general, junctions between particles are difficult to probe with electrochemical techniques, due to screening effect from electrolytes and due to the slow charge transport in particulate films. Photocurrents for particulate electrodes generally do not exceed a few microamperes per square centimeter because of the large film resistance and because of poor redox kinetics at the solid− liquid interface. 20−22 The resulting potential drops obscure the photovoltage at the particle junctions and complicate the data interpretation. Here we employ surface photovoltage spectroscopy (SPS) to overcome this problem and to shed light on photochemical charge transfer between particulate light absorbers. SPS is a highly sensitive technique 23 for the observation of photochemical charge transfer at nanoscale junctions. 24−26 Because the method relies on potential changes, not currents, it can probe individual junctions without the need for a coupled redox system. 27, 28 As initial target system we choose the combination of bismuth vanadate (BiVO 4 ) and psilicon. Bismuth vanadate has recently emerged as a promising photocatalyst for the water oxidation reaction. 11, 29 The material has a bandgap of 2.4 eV, but its conduction band edge is located just short of the thermodynamic proton reduction potential, making it unsuitable for overall water splitting. 30−34 This disadvantage can be overcome by connecting n-BiVO 4 in series with a p-Si as a photocathode. Silicon photocathodes have been shown to support proton reduction at up to 10 mA cm −2 at 0.20 V underpotential, after addition of Pt or MoS 2 cocatalysts, 35, 36 and single crystalline silicon absorbers can generate up to 0.71 V photovoltage. 37 As we show here, thin films of n-BiVO 4 on an aluminum-doped silicon wafer can be obtained by simple drop-coating of the BiVO 4 particle suspensions, followed by thermal annealing at 80°C. Surface photovoltage spectra (SPS) of the films prove electron injection from the illuminated BiVO 4 layer into Si and photovoltages of up to 0.15 V generated at the junction, even under low intensity illumination (<10 mW cm −2 ). This voltage is close to the theoretical limit for this material combination. The voltage increase by 44 mV in the presence of absorbed methanol is consistent with hole injection from BiVO 4 into this sacrificial electron donor. This confirms the functionality of the system as a photoelectrochemical tandem junction. Overall, these results shed new light on photochemical charge transfer between metal oxide and main group element absorbers. They are relevant to the design of future low cost particle-based tandem and zscheme solar energy conversion devices.
■ RESULTS AND DISCUSSION
The BiVO 4 particles for this study were prepared from Bi 2 O 3 and VO 2 , as described previously, 26, 38 and their structure and optical properties were confirmed by XRD and diffuse reflectance spectroscopy (Supporting Information Figure S1 ). According to TEM, the particles are irregularly shaped and have an average size of 81 nm ± 34 nm. Tauc plots ( Figure S1d , Supporting Information) yield indirect and direct band gaps of 2.45 and 2.57 eV, respectively, similar to previous reports. 30 Thin films of n-BiVO 4 on aluminum-doped p-type Si wafers or FTO substrates ( Figure 1 ) were obtained by drop-coating BiVO 4 particle suspensions in water, followed by drying and mild heating to 80°C. The BiVO 4 particle films extend over an area of approximately 0.68 cm 2 and have thicknesses between 295 and 3398 nm, according to profilometry ( Figure S2 and S3, Supporting Information). The thickness of the films can be adjusted with the particle concentration, as described in Experimental Section. According to the SEM in Figure 1 , particles in the films are partially aggregated and the films are porous ( Figure 1 ). Figure 2 shows surface photovoltage spectra of a p-Si wafer, for films of BiVO 4 on FTO and silicon, and optical absorbance data. The p-Si wafer alone produces a positive ΔCPD signal when the illumination energy exceeds 0.8 eV, close to the indirect band gap of silicon (1.12 eV). The maximum ΔCPD signal of ca. 0.2 V occurs between 1.26 and 3.5 eV. The voltage sign is positive, in agreement with previous SPS studies on this material. 39 The sign of the photovoltage can be understood on the basis of the depleted semiconductor surface model, where band bending at the Si surface is caused by surface states (Figure 3a) . 27, 40 This interpretation is confirmed by the SPV spectrum of a n-type wafer which produces an identical photovoltage spectrum but with opposite polarity ( Figure S4 , Supporting Information). Above 1.1 eV, the SPV spectrum shows a fine structure with peaks occurring at 1.25 and 1.4 eV. These peaks are an artifact of the measurement system and can be attributed to the characteristic Xe emission lines of the light source ( Figure S5 , Supporting Information). Coating of the wafer with a BiVO 4 particle film causes several changes of the SPV spectrum, as shown in Figure 2 . First, the positive Si photovoltage at energies below 2.45 eV is reduced from +0.19 V to +0.03 V. This is attributed to the light scattering effect of the porous BiVO 4 layer, which reduces the amount of photons that can excite the silicon wafer. In addition, the metal oxide Figure S6 , Supporting Information) and Kelvin probe measurements. 44 
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Research Article reduces the band bending at the Si surface by about 60% (Figure 3b and discussion below) . Second, the p-Si/n-BiVO 4 system contains a new negative photovoltage feature at >2.45 eV (region II), which is due to band gap excitation of n-BiVO 4 and electron transfer to silicon. This assignment can be verified by comparison with the optical spectrum of BiVO 4 and its SPV spectrum on FTO (Figure 2 ). While on FTO the maximum photovoltage is −0.083 V at 3.5 eV, on silicon it reaches −0.15 V. This shows that electron injection from BiVO 4 into Si is more favorable than electron injection into FTO.
Charge transfer at the p-Si−BiVO 4 contact can be understood with the energy scheme in Figure 3b . Based on the difference of Fermi levels, E f (p-Si) − E f (BiVO 4 ) = 0.54 − 0.32 = 0.22 eV, the driving force for electron transfer from n-BiVO 4 to p-Si is 0.22 eV per electron. The experimental photovoltage of −0.15 V comes close to this value. The negative sign of the photovoltage also rules out the possibility of a p-/n-junction at the silicon−BiVO 4 interface. The expected band bending for such a junction would repel electrons in BiVO 4 from the interface and produce a positive photovoltage. The absence of a n-/p-junction is a consequence of the low carrier concentration in BiVO 4 which does not allow an electrochemical equilibrium with p-Si in the dark. This is analogous to the HCa 2 Nb 3 O 10 /Au contact described previously. 24 The BiVO 4 /FTO contact is also ohmic. Here the driving force for electron injection is E f (FTO) − E f (BiVO 4 ) = 0.56 (±0.1) 41 − 0.32 = 0.24 (±0.1) eV. The observed photovoltage of −0.083 V is much lower. This is attributed decreased physical contact resulting from the high surface roughness of FTO, 42 or due to specific ion absorption. 43 To obtain additional insight into the factors that govern photochemical charge separation in the p-Si−BiVO 4 system, SPV spectra were recorded for BiVO 4 films of variable thickness (Figure 4 ). It can be seen that the Si photovoltage (region I) diminishes with increasing BiVO 4 thickness, likely as a result of light scattering by the porous BiVO 4 film. Based on optical transmission spectra in Figure S7 , Supporting Information, the optical scattering coefficient τ of the porous BiVO 4 film can be estimated as 0.072 μm −1 at 2 eV. This means that the thinnest BiVO 4 film (295 nm) only blocks about 2% of the incoming 2.0 eV photons which cannot explain the significant photovoltage decrease from +0.19 V (at 2.0 eV from Figure 2 ) for the uncoated silicon wafer to +0.07 V (at 2.0 eV) for the 295 nm BiVO 4 film). Instead, the observed 0.12 V (63%) photovoltage reduction is attributed to a decrease of the band bending at the Si surface, as shown in Figure 3b . Such a reduction would be expected from modification or elimination of Si surface states during coating with BiVO 4 . The dependence of the photovoltage in region II on the thickness of the BiVO 4 particle layer is shown in Figure 4b . The photovoltage first rises with BiVO 4 thickness to reach a maximum of −0.15 V for the 1650 nm film and then decreases to nearly zero for the thickest film. This trend can be understood in terms of the finite light absorption depth and electron diffusion length of BiVO 4 . The light absorption depth of BiVO 4 can be estimated as 250 nm using the reported absorption coefficient of 40 000 cm −1 at 420 nm. 45 That means a 750 nm thick BiVO 4 film absorbs >95% of the incident super band gap photons. Experimentally, this situation is approached for the 1652 nm thick film in Figure 4a , which gives the greatest photovoltage. This thickness exceeds 750 nm because of the high porosity of the BiVO 4 film. Thicker films absorb slightly more photons, but electron hole pairs are generated further away from the Si/BiVO 4 interface, which makes injection into the Si wafer more difficult. Experimental values for the electron diffusion length L e of BiVO 4 films range between 10 and 70 nm depending on technique and preparation. 46, 47 This confirms that electron transport becomes the main limitation for the photovoltage, and it explains the observed photovoltage decrease with increasing film thickness as seen in Figure 4b . As expected, the operation of the junction also depends on light intensity. Voltage measurements under illumination with variable light intensity at 420 nm (2.95 eV) are shown in Figure 5a . At this excitation energy, the photovoltage is negative, in agreement with the electron transfer scheme in Figure 3b . For a single junction, the voltage is expected to have a logarithmic dependence on intensity. 24 In the experiments we observe a slightly parabolic dependence (Figure 5b ), which indicates that additional factors, such as light absorption, play a role. From Figure 5a , it can be seen that it takes up to 10 min for the voltage to reach a steady state. This suggests that electron transport in the BiVO 4 film is slow and limited by diffusion. Indeed, a plot of the photovoltage change rate d(CPD)/dt versus the light power P ( Figure S8 , Supporting Information) is linear, as expected for a diffusion controlled process.
Lastly, we probe the ability of the junction to promote electrochemical oxidation of a sacrificial electron donor. For this purpose, p-Si−BiVO 4 films are exposed briefly to methanol vapor before the SPS scan is performed under vacuum ( Figure  6 ), using the same procedure as previously reported for a 
Research Article HCa 2 Nb 3 O 10 nanocrystal film. 24 We find that methanol exposure does increase the photovoltage at 3.5 eV by 0.044 V. This confirms that photogenerated holes in BiVO 4 can transfer to methanol. Interestingly, methanol vapor treatment also increases the positive photovoltage in region I. This indicates that the adsorbed methanol molecules either reduce the optical scattering characteristics of the porous BiVO 4 film or cause a further change of the surface band bending in silicon.
■ CONCLUSION
We present the first study of photochemical charge transport at a p-Si−BiVO 4 particle junction made by physical assembly. The data confirms that that the components form a functional tandem or "z-scheme" type junction. Surface photovoltage spectroscopy confirms the ability of the junction to separate charge, oxidize methanol, and generate a photovoltage close to the theoretical limit, as defined by the work functions of the components. However, the function of the tandem junction is limited by slow electron transport through the BiVO 4 layer and by the need for thick films to absorb all super bandgap photons. Also we find that the p-Si−BiVO 4 particle films are too mechanically unstable to be used as a photoelectrode in an electrochemical cell. These problems need to be overcome in tandem junctions for the conversion of photochemical into electrical or chemical energy.
■ EXPERIMENTAL SECTION
Chemicals. Bismuth(III) oxide (99.9999% Acros Organics) and vanadium(IV) oxide (99+% Strem Chemicals) were used as received. Acetic acid (glacial, Macron) and nitric acid (68−70%, EMD) were used after dilution. Water was purified to 18 MΩ·cm resistivity by a Nanopure II system. Al-doped (∼10 15 cm −3 ) silicon wafers with a resistivity of 10−100 Ω·cm were purchased from WRS Materials.
BiVO 4 Synthesis. BiVO 4 was synthesized via a revised solid− solution method. 26 At room temperature, 1.15 g (2.5 mmol) of Bi 2 O 3 and 0.42 g (5 mmol) of VO 2 were stirred in 25 mL of 1.0 M aqueous acetic acid solution for 11 days. The obtained powder was washed first with water and then with 0.5 M nitric acid and again with water. The washed powder was vacuum-dried and calcined at 673 K for 5 h in air.
Film Preparation. Fluorine-doped tin oxide (FTO) substrates were sonicated sequentially in acetone, methanol and 2-propanol, rinsed with water, and dried in air before use. Silicon wafers were sonicated in acetone, ethanol, and water and then washed with 10% HF solution. After a rinse with pure water, they were dried in air. Films of BiVO 4 were prepared by applying various concentrations of BiVO 4 dispersions onto 0.8 × 0.8 cm 2 FTO or Si wafers, followed by drying at room temperature for 12 h and annealing at 353 K for 1 h. The resulting films have a thickness ranging between 295 and 3398 nm ( Figures S2 and S3 , Supporting Information). In the photoxidation experiment, a BiVO 4 −Si film was exposed to saturated methanol vapor for 5 min and then dried at 353 K for 1 h.
Characterization. Scanning electron microscopy (SEM) images of BiVO 4 −Si films were obtained on a FEI XL30 high-resolution scanning electron microscope with an operating voltage at 5 kV. UV− vis diffuse reflectance spectra were recorded on a Thermo Scientific Evolution 220 UV−vis spectrometer equipped with an integrating sphere. The reflectance data were converted to the Kubelka−Munk function by f(R) = (1 − R) 2 /(2R) and plotted versus energy. Film thickness was measured by a Veeco Dektak profilometer.
Surface Photovoltage Spectroscopy (SPS). SPS measurements were conducted using a vibrating gold Kelvin probe (3 mm diameter, Delta PHI Besocke) mounted inside a home-built vacuum chamber (<1 × 10 −4 mbar). The distance between sample and gold probe is 1 mm. Samples were illuminated with monochromatic light (1−10 mW· cm −2 ) generated by a Cornerstone 130 monochromator behind a 150 W Xe arc lamp. A typical photovoltage spectrum was recorded by monitoring the contact potential difference (CPD) during a monochromatic scan from 0.8 to 4 eV (1550 to 310 nm). Timedependent photovoltage measurements were performed with 2.95 eV (420 nm) light of variable power. All surface photovoltage spectra were corrected for drift effects by subtracting dark scan background. 
ACS Applied Materials & Interfaces
Research Article ■ ASSOCIATED CONTENT
